It is shown in this paper that the normal techniques and methods of approach to an in vestigation of radical reactions are not applicable in dealing with reactions involving the addition of a hydrogen atom to an olefine, since this type of reaction is so fast that even the exchange conversion of para-hydrogen by hydrogen atoms is inhibited by very small amounts of olefines.
I n t r o d u c t io n
The processes involved in the thermal and photochemical reactions of gaseous hydrocarbons are now well recognized to consist of radical reactions of various types. If, therefore, these processes are to be properly understood, it is necessary to build up a chemistry of the appropriate radical reactions with especial emphasis on the quantitative aspect. This latter feature is perhaps more important than has been realized, because the overall character of a reaction sequence is determined by the absolute magnitude of the coefficients of the possible intermediate radical processes.
There is now quite a variety of methods of generating radicals at a well-defined rate or at a rate which can be measured by suitable techniques. On the other hand, there is practically no definite knowledge about the ways in which the radicals disappear. For example, although it is known that methyl and higher alkyl radicals can combine on the walls of a reaction vessel, presumably by processes akin to those which operate in the case of free atoms, there is no knowledge regarding gasphase removal of radicals. Since the rate of removal of radicals is unknown, it is consequently impossible to calculate their stationary concentration even under the simplest of conditions.
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In spite of this severe limitation, however, a number of chemical reactions of free radicals have been investigated, both energies of activation and tem perature independent factors being obtained. Even if absolute values are difficult to get, it is often possible to calculate relative values with a satisfactory degree of accuracy. The intensive progress and also the wide discrepancies between the results of various authors are well brought out in E. W. R. Steacie's book on radical chemistry in gases. Here, again, there is a very awkward situation. Suppose a radical R x reacts with a hydrocarbon I22H as follows:
Rx + J?2H = .RjH + then, in estimating rates, it is necessary to measure chemically the rate of accumula tion of j?xH. Unfortunately, the radical R may un may so considerably complicate the chemistry of the whole process th a t it makes it very difficult indeed to investigate one individual process to the exclusion of all others. W hat is required is some method of removing the radical R2 from the sphere of action.
From general experience it is known th a t atom -saturated molecule or radicalsaturated molecule reactions involve rather high energies of activation, and there fore there is no particular difficulty in measuring these velocities by existing wellexplored techniques such as the exchange conversion of para-hydrogen H + p -H 2 = o-H 2 + H, to which further reference will be made. W ith unsaturated molecules, however, m atters are otherwise, the reactivities being such th a t the energies of activation are very considerably lowered-so much so th a t they are not easily accessible to direct measurement.
The present series of papers is designed to give a description of an approach to an investigation of the collision efficiency of a hydrogen atom with an olefine by a new technique which has yielded results which indicate the potentialities of this method in the investigation of a wide range of the elementary reactions of hydrocarbons.
A p p a r a t u s
The apparatus was constructed entirely of soda glass. A general view of the arrangement of the main vacuum system, the reaction system and the analytical systems is seen in figure 1 .
The pumping equipment consisted of an Edwards type 6 double-stage mercury diffusion pump, backed by a single-stage Speedivae oil pump.
Along the whole length of the grid ran the main vacuum line, on which was a baro meter-type manometer to measure high pressures and a vacuostat reading from 10-3 to 1 mm. A subsidiary intermediate vacuum line was connected in the forevac system and also ran the whole length of the apparatus. This line was used for pumping out liquid-air containers when a tem perature of less than 90° K was required. Since the rotary oil pump had to provide a backing pressure for the mercury pump and also to be used for pumping out liquid-air vessels, it was desirable to of the interaction of atomic hydrogen with olefines. I introduce a 61. bulb in the forevac system so th at the mercury pump could operate without the necessity for having the oil pump in continual operation.
The rest of the apparatus can be conveniently discussed under the following three headings:
(a) Gas storage and purification, C, to vacuostat; D -H , to gas reservoirs; J , mercury lam p; K , photoelectric colorimeter; L , short-path reaction vessel; M , to vacuostat; N , injector; O, to water pump; P , to olefine analyzer; Q, to thermal conductivity gauge; R, to methane and olefine production units; S, capillary dose lock.
Gas storage and purification
The gases were stored in 21. bulbs, all of which were fitted with barometer-type manometers. The gases stored were: (a) hydrogen and p-hydrogen, (6) ethylene, propylene, butylene, methane and other higher boiling hydrocarbons.
Since the first group of gases had to be used for the calibration of the apparatus, small doser taps of the three-way variety were fitted to these reservoirs. The other gases had provision for condensing to remove condensible fractions and to permit outgassing of the liquid hydrocarbons used.
Gas purification and preparation
Cylinder hydrogen was purified by diffusion through a palladium thimble at a temperature of about 500° C.
Para-hydrogen was prepared by the usual low-temperature method. Several variations of this method were tried out. One method was to absorb the hydrogen on shell charcoal a t 65° K, maintain contact for about an hour, and then allow the hydrogen to desorb on warming the charcoal. The content could not, however, be raised above 30 %. Increasing the time of absorption on the charcoal a t low tem peratures did not significantly increase the yield. A flow method under the same conditions was tried, but still no increase in the para content was observed.
A new variation of the method, however, proved much more satisfactory. I t consisted of impregnating a sample of shell charcoal with dysprosium oxide, which it was hoped would prove to be a satisfactory flow catalyst in view of the large magnetic moment of dysprosium.
The catalyst was prepared by dissolving 0*86 g. dysprosium oxide in dilute nitric acid and evaporating down the solution on a water-bath. Sufficient cold w ater just to dissolve the nitrate was added, and 10 g. of shell charcoal (B 570 V.A. 17*0^ mesh) was introduced and more w ater added just to moisten the charcoal. The w ater was then evaporated off on a water-bath, dried in an air-oven a t 130° C for 2^ hr. and calcined in a limited supply of air a t 350° C in an electric furnace. The catalyst was then outgassed in vacuo a t 350° C. By flowing hydrogen through this (at 65° K) a t the relatively fast rate of 30 ml./min., the para content could be raised to 36 %. This was the most satisfactory method of all.
Methane was prepared for calibration purposes only, since it was considered th a t one of the products of reaction of hydrogen atoms w ith olefines or w ith the hydro carbons formed by secondary reactions might be methane. In the early stages of the work, it was feared th a t any methane which might be formed would interfere seriously with the measurements of the therm al conductivities of the hydrogen samples.
The methane was prepared by the action of aluminium carbide on hot water. The gas was then scrubbed by passing it through copper and copper oxide a t 360° C, strong caustic soda solution, dried by passing through activated alumina, and purified by condensing the high-boiling constituents in a solid COa-acetone bath. The product of this treatm ent was then condensed in liquid air and a suitable distilled middle fraction retained.
Ethylene of the commercial variety was further purified by outgassing thoroughly and distilling; the middle fraction only being retained.
Propylene and iso -b u t e n ew ere prepared by the catalytic dehydration of w-pro alcohol and tert.-butyl alcohol on activated alumina a t 340 to 370° C. The prod were dried and distilled from liquid air, again the middle fractions only being retained.
Molybdenum oxide was prepared by the method suggested by Liebert (1931) , commencing from ammonium molybdate.
A 50 g. portion of ammonium molybdate was boiled with 100 ml. aqua regia on a steam b ath until no ammonia could be detected by Nessler's reagent. The resulting solution of molybdic acid was then evaporated down almost to dryness and then twice more with fresh acid. The solid residue was dried in an air oven a t 180° C. The oxide as prepared above was a light yellow almost white powder, which on exposure to hydrogen atoms turns blue. Three methods were adopted in regenerating the white form from the blue: (a) evaporation twice with dilute nitric acid followed by drying as before, (6) by evaporating once with 0-880 ammonia, then w ith aqua regia as before, (c) by heating to about 360° C in an electric furnace for several hours.
The last method is of all the easiest to carry out in practice and also gives a cleaner product. A sufficiency of oxygen is required for this latter treatment, and a slow current of air circulated over the powder while being heated makes the whole process much faster.
Tungstic oxide was prepared from tungstic acid by heating to 350° C until all water was removed. The oxide was obtained as a rather gritty powder, yellow in colour.
Reaction systems
In this investigation-, two entirely different types of reaction vessel were used. The first was a conventional type of reaction vessel, cylindrical in shape, diameter 6 cm. and depth 2 cm. This vessel was entirely of silica.
The other vessel was designed to meet the special needs of this problem and merits further discussion and explanation.
The kinetics of the interaction of atomic hydrogen with olefines. I 449 A diagram of this vessel is shown in figure 2 . The main body of the reaction vessel, A , was formed from the neck of a 2000 ml. Hysil bolthead flask which was chosen for the broad flange on top. The side tube was fitted with an A 10 ground-glass cone to facilitate removal of the whole reaction system from the rest of the apparatus for cleaning and adjusting, an operation which had to be carried out after each run. F is a shallow glass dish supported on four springs screwed into a brass holder G. The glass dish could be maintained a t a fixed distance from the silica window E by placing three small blocks of glass of predetermined thickness on the rim of the dish. A ring of soft glass fitted on top of the silica window limited the entrance of radiation of wave-length 2537 A to the volume directly above the dish When the apparatus was in operation, the dish F contained a layer of molybdenum oxide packed and smoothed to a surface level with the top edge of the dish.
The lower end of the brass spring holder O had a conical recess and fitted over a conical point on the brass column H . The purpose of this point support for the plate was th a t even if the column was not truly perpendicular to the silica window of the reaction vessel, the plate would still automatically line itself up parallel to the silica window a t the predetermined spacing and would b e securely held there by the ten sion in the four springs. The column H consisted of a brass tube screwed internally and with three milled flutes on the outside, the purpose of these flutes being to locate the tube and perm it it to slide in the centre of the glass limb J , while a t the same time allowing adequate space for diffusion from the lower p art of the limb to the body of the reaction vessel. A small indentation in the glass limb J engaged in the space between two flutes and prevented the whole assembly from turning. A brass rod screwed externally to fit into the tube H had two flats filed on its lower end so th a t it fitted a similarly shaped hollow on the end of the ground glass cone B . By turning the cone B the whole internal p art could be raised or lowered, and a p ath of variable distance could be provided a t will between the silica surface and the molybdenum oxide contained in the shallow dish.
After some considerable use, the brass parts were found to be showing signs of attack by mercury. All brass fittings were then replaced by corresponding pieces made of duraluminium, which seemed to be more resistant to the attack of mercury vapour.
Gas injector
A type of injector, was constructed to assist in the accurate introduction of amounts of olefines to the reaction vessel in presence of hydrogen. I t is shown in figure 3 , and consisted of a bulb A connected to the reaction vessel system by means of a tap B. The bulb could be filled with mercury from the reservoir G by the usual technique used for mercury cut-offs. The volume relationship between the injector and the reaction system then gives the pressure of the gas which will be introduced to the reaction vessel when expelled completely from the injector at known pressure.
The operation consisted of introducing to the injector the required pressure of olefine, closing the tap B and evacuating the remainder of the reaction system. Hydrogen a t known pressure could be introduced to the reaction vessel, and at the appropriate time, by opening tap B and running the mercury up until just past B, an accurately known pressure of olefine could be introduced. This piece of apparatus fulfilled a further function, since by running the mercury up and down several times before finally closing tap B the gases could be very thoroughly and efficiently mixed. There was then no need to wait for diffusion to establish a homogeneous mixture.
Analytical systems Photoelectric colorimeter
As will be described later the basis of the method adopted in the present in vestigation was to estimate the rate at which hydrogen atoms added on to a molyb denum oxide surface. Since the surface turned blue on the addition of hydrogen atoms, the rate of blueing is a function of the rate of addition of hydrogen atoms. The apparatus for measuring the blueness of the surface is shown in figure exception of a small aperture about \ in. in diameter, through which light projected along the tube B, which fits closely to the lamp and is made of two tubes fitting one within the other. The conical end can be made a light-tight fit on the lamp. A t the end of this tube a small polystyrene prism-lens combination is let into the large brass tube H. The prism directs the light on to the molybdenum oxide surface iii the special reaction vessel already described a t E. The intensity of the reflected radiation was measured by means of a photocell C, and the whole assembly was rigidly mounted on a bar which was pivoted so th a t the whole instrum ent could be swung into position to make a determination. When placed in position for use, the colorimeter was swung up against a m etal rod and held firmly there by means of an elastic band. This ensured th a t the apparatus would occupy each time as nearly as possible the same position in relation to the reaction vessel. The photocell current was originally measured by a 0-60 microammeter of the unipivot type, b u t it was found th a t the mechanical limits set on the reproducibility of this instrum ent did not allow of precise enough measurements of the photocell current. I t seemed th a t precision measurement of current by a single m eter in the region of 10/tA was not possible, and some means had to be obtained of measuring the current while maintaining a low external resistance on the photocell. This low external resistance was an essential point, since high resistance introduced a marked fatigue effect from the cell, due to accumulation of electrons on one surface of the . I cell, and the inability of these electrons to leak through the high resistance fast enough to prevent this layer from forming.
In figure 5 is shown the circuit finally adopted for measuring the photocell current. The photocell P was connected via a low-resistance microammeter across a low-resistance galvanometer 0. The microammeter is not an integral part of the circuit but was introduced so th at a quick rough check of the photocell current could be obtained when necessary. When the galvanometer key K is pressed, the current flowing through the galvanometer is opposed by another current flowing through in the opposite direction, and the magnitude of this current is adjusted until a null point is reached. The balancing current is produced by using a potentiometer circuit on a 2V accumulator. From this, a voltage of approximately 2 x 10-2 V is obtained across resistance R2. This voltage is measured by a potentiometer voltmeter V and is connected across the galvanometer and a series resistance Rv variable from 0 to 10,000ft. The galvanometer is about 10ft, and so a variation from 10 to 104ft can be obtained. This gives a current range between 1 y A and 1 mA, the awkward range where pointer instruments are too insensitive and mirror instruments too sensitive. Thus by measuring the value of the voltage applied across 2^ and the value of Rv the photocell current can be obtained precisely. The precision of this method is quite high, since a constant check is kept on the voltage dropped across R2. The current can be measured easily and reproducibly to ± 0*15 % a t about 13
The intensity of the 25 W lamp was maintained constant by running it off a voltage stabilizer of the electronic type.
Measurement of double-bond content in a sample of olefine and hydrogen
A method was developed for measuring the number of olefine molecules in a given sample. The apparatus is shown in figure 6 . A small silica tube was fitted to the compression capillary of a McLeod-type gauge by means of a cone and socket. The sample which was to be analyzed was then compressed into the silica tube to a fixed mark and the pressure on the sample measured. A small low-pressure silica mercuryvapour lamp was then used to irradiate the sample, and the double bonds in the sample were hydrogenated by the photochemically produced hydrogen atoms. The volume of the sample was then adjusted to the mark as before and the new pressure recorded. The diminution of pressure was then a direct measure of the percentage double-bond content in the gas sample. An estimation could be completed in 5 min. with an error of + 1 % of the olefine content in a sample containing about 20 % olefine.
Analysis of para-hydrogen mixtures
The gauge constructed for the measurement of the thermal conductivity of the hydrogen samples was of the type described by Bolland & Melville (1936) and later modified by Birse & Melville (1940 a) . I t was, however, modified slightly, and a diagram of the gauge is shown in figure 7 . The gauge was smaller than the types previously described, and a volume of 1 mm.3 at n .t .p . only was required to deter mine the thermal conductivity and para content. For ease of construction, the gauge was made with a horizontal filament instead of the more conventional vertical filament. The dimensions of the head of the gauge which contains the filament is about 15 mm. long and 1*5 mm. bore. The filament consisted of an unused coiled tungsten electric-lamp filament, 10 mm. long and 0*0745 mm. diameter, spot-welded to two pieces of borated copper wire. I t is im portant th a t slight tension is pu t on the filament while sealing into the gauge, since repeated cooling and heating do not then tend to alter the geometry of the system. In this respect, the coiled filament is excellently suited for the purpose, and a further advantage lies in the fact th a t the gauge is also less pressure dependent than is the case when a straight wire is used. The gauge was operated immersed in liquid air by the usual technique of constant voltage, variable resistance measurement. When the gauge was first tried out, the balancing galvanometer in the W heatstone net showed rapid and large fluctuations which completely upset the precision of the apparatus. I t was discovered th a t the fluctuations were due to the local heating of the liquid oxygen on the wall of the gauge. The liquid oxygen then vaporized and collected as gas on the surface of the gauge. The gas collected into bubbles and finally broke away from the surface. This cycle was repeated, and the therm al discontinuity set up by the gas film on the gauge was responsible for the fluctuations of the tem perature of the filament. This effect was entirely eliminated by immersing the gauge in mercury in a small steel boat as illustrated in the diagram. The leads to the gauge were insulated from the mercury by coating them with polystyrene. I t was also found th at provided liquid air was not allowed to cover the mercury block until the mercury had solidified completely, the mercury contraction did not on any occasion crush the glass.
The gauge was mounted on top of the compression capillary of a McLeod-type gauge and the pressure in the gauge adjusted to 50 mm. ± 1 mm. by means of a sliding millimetre scale fitted between the compression capillary and the comparison capillary.
To extend the scope of the gauge to the analysis of ternary mixtures, a platinum spiral was fitted to the compression capillary. This spiral could be glowed by con necting up to a 2 V accumulator. At a pressure of 0*4 mm., about 1 min. exposure to the glowing spiral was sufficient to convert the para-hydrogen to normal hydrogen. The frequent immersion of the equilibrating spiral in mercury did not seem to affect its catalytic efficiency. To keep the spiral really active, it was occasionally glowed for about an hour in an oxygen-hydrogen mixture, followed by a further 15 min. glowing in pure hydrogen.
Para-hydrogen technique
Although the para-hydrogen conversion technique was used only for the deter mination of the quantum input, there are some matters which require comment. The apparatus has already been described for the measurement of the thermal con ductivity of the hydrogen samples. The method adopted was to apply a constant voltage to the filament and measure the resistance by means of a standard potentio meter circuit. This method has already been described by Bolland & Melville (1936) .
Since some observers (Olson & Myers 1926; Moore & Taylor 1940) indicate the formation of significant amounts of methane as a result of the interaction of hydrogen atoms with olefines, it was considered necessary to investigate the effect of small amounts of methane on the thermal conductivity of a mixture with hydrogen.
The gauge was calibrated by making up known mixtures of normal hydrogen and methane, and the curves obtained were compared with those obtained by calculation. Since the prime interest was the measurement of the concentration of para-hydrogen in presence of methane, the determination was really that of a ternary mixture. There were two possible methods of dealing with this particular problem. The first is th at described by Bolland & Melville (1936) , who observed the voltage necessary to maintain the filament a t two different temperatures, and the second is that described by Birse & Melville (1940 a) , involving two measurements only at room temperature. One measurement was made with the sample removed from the reaction vessel and the other with the same sample which had been allowed to come to equilibrium catalytically on the surface of the heated platinum spiral already mentioned.
The method adopted in the measurement was as follows. Mixtures of parahydrogen and methane were made, containing up to 20 % methane, and were introduced to the gauge and adjusted to 50 mm. pressure. The resistance of the filament was determined and the mercury then lowered to expose the mixture to the glowing platinum equilibrator until all the para-hydrogen was converted to normal hydrogen and the resistance of the filament again determined when the pressure had been readjusted. The graph of gauge resistance against the percentage of methane present in the mixture is shown in figure 8 . The upper full curve is th a t for a methane-normal hydrogen mixture, and the lower full curve for a methanepara-hydrogen mixture (36 % p-hydrogen). The curve obtained by calculation for methane-normal hydrogen mixtures is shown by the broken line. I t was constructed as follows.
For a gauge containing a gas and being operated under constant voltage, vanaole resistance conditions, the heat input to the spiral is given by Q = E*IR.
(1) Now, this heat is being conducted away by the gas and
where J? is a constant for a particular gauge operating a t constant wall tem perature depending mainly on the geometry of the system and K g is the therm al bonductivity of the gas. Since the loss of heat by conduction through the leads attached to the gauge is negligible (Bolland & Melville 1936) , then equations (1) and (2) can be equated:
where A is a constant defined by E 2jB .
For the particular gauge in use, the wall temperature was 90° K and the filament temperature was 210° C, i.e. the average temperature of the gas was 150° K. W ith pure normal hydrogen in the gauge, the resistance of the filament was found to be 28-875Q. The thermal conductivity of normal hydrogen at 150°K is given as 0*231 x 10~s cal./cm.sec.degree (Kennard 1938) .
From equation ( The kinetics of the interdiction of atomic hydrogen with olefines. Reference to figure 8 shows th at the agreement holds good up to about 10 % methane, and that above this figure the curves separate. I t is suggested that this may be due to the fact that the simple mixture law is not strictly valid at these higher concentrations or that the rate of mixing of the gases is not fast enough.
The slope of the curve can be calculated as follows: Differentiating equation (4) with respect to n,~A
From equation (5), the slope of the curve can be calculated. For 5 % methane content, resistance 30-200, dR/dn = 2-660.
From the experimental curve, the observed increase is 2-750, which is considered satisfactory agreement in view of the lack of precise data on the actual thermal conductivities of the gases used.
The next point to be elucidated is the effect of the presence of methane on the change of resistance of the filament when a sample containing para-hydrogen is equilibrated.
For a gauge containing a mixture of para-hydrogen, and ortho-hydrogen a t constant operating voltage,
AIBt-Kpd+.KJLl-d ) , (6)
where d is the fraction of para-hydrogen in the mixture, the therm al con ductivity of para-hydrogen, K 0 the thermal conductivity of ortho-hydrogen.
For normal hydrogen A I Ra = K n.
In presence of a fraction of n of methane,
where para-rich hydrogen is the other constituent of the mixture. For a fraction n of methane in normal hydrogen,
where Rz is the resistance of the filament in presence of para-hydrogen, ortho hydrogen and methane, P 4 is the resistance in presence of normal hydrogen and methane, and K n is the thermal conductivity of normal hydrogen.
From equations (6) and (7),
From equations (8) and (9),
Therefore (R^-R^IR^R^ = ( l -n ) ( R 2-R 1)IR1R 2' (12)
Now, if small changes in resistance are considered due to the presence of small quantities of methane, equation (12) can be simplified approximately to
since Rs = R± and R1 = i?2. Now, for small concentrations of methane, say 5 %, a concentration not to be exceeded, if ever reached, substituting in (13) 
T hat is to say, a change in the difference of the resistances for para-hydrogen and normal hydrogen of 4 % occurs when there is methane present to the extent of 5 %. The error involved can then be disregarded, since this concentration of methane will never be obtained.
Hence, in the determination of the percentage of para-hydrogen in a given sample, by determining the resistance change dRx when a sample of known para-content P % is equilibrated and then taking the sample with methane and measuring the corresponding change in resistance dR2 on equilibration, the para-concentration can be determined by the formula,
P ' -25 -{ P -25) dR2jdRx,
where P' is the unknown para concentration, provided the change dR is small compared with the value of R.
The kinetics of the interaction of atomic hydrogen with olefines. I
Measurement of the 2537 A quantum input to the reaction vessel This was accomplished by the method described by Birse & Melville (19406) by making use of the conversion of para-hydrogen by hydrogen atoms generated by the mercury photo-sensitized dissociation of molecular hydrogen.
I t was shown that the curve obtained by plotting the absolute rate of conversion of para-hydrogen as a function of pressure became pressure independent in a region of pressure a t about 1 mm. In this part of the curve, conversion occurs exclusively by the mechanism H g +^ = Hg*, H g*+p-H 2 = Hg-hH + H, H = §H2 on the walls.
Hence in this region, each quantum absorbed in the system results in the conversion of one molecule of hydrogen. Since the reaction is exclusively dissociation and recombination, the rate of production of hydrogen atoms is dH/dt = 2(rate of dissociation of p-H 2) x 100/%p-H2 in gas, allowing for dissociation of ortho molecules also, i.e.
where u is the percentage para-hydrogen in the original sample, or
T2 2-4 x 103 60 ' ' in the whole volume of the reaction vessel, where V is the volume of the reaction vessel in ml. The quantum input is obtained by dividing this number by 2, since each quantum produces two hydrogen atoms. Table 2 illustrates one of such determinations. The values obtained for the absolute conversion rate can be extrapolated as in figure 9 . The temperature of the determination was 18° C, the volume of the reaction vessel 56*5 ml., the parahydjogen content, u, 29 %, and the extrapolated value of the absolute conversion rate 0*057 mm./min. Substitution in the above formula gives the value of 0*62 x 1016 quanta/sec. for the quantum input to the reaction vessel. 
Determination of the stationary concentration of atomic hydrogen
The stationary concentration of atomic hydrogen in a reaction vessel is defined by Birse & Melville (19406) 
where dujdt is the rate of conversion of para-hydrogen by the exchange mechanism u is the para content initially and is taken from the d ata of Geib & H arteck (1931) to be 1*41 x 105.
Knowing d(EL)jdt and (H), the lifetime of a hydrogen atom can be computed, since
From the data in table 2 for a pressure of 99 mm., the rate of conversion of parahydrogen is 0*71 mm./min., and the rate of conversion due to dissociation and recombination is 0*057 mm./min., therefore the rate of conversion due to exchange is 0*65 mm./min. Substitution in the above formula for (H) gives (H) = 2*32 x 10-9 mole/1. and r = 1*13 x 10-1 sec.
Conversion of para-hydrogen in presence of ethylene
I t was hoped in the early stages of this work to use the reaction H+2>-H2 = rc-H2-|-H, to measure the stationary hydrogen atom concentration in a mixture of hydrogen atoms, hydrogen molecules and ethylene. By then measuring the rate of removal of ethylene and knowing the concentration of atomic hydrogen and ethylene, the velocity constant k could have been evaluated:
I t can be shown th at by plotting the logarithm of the percentage of toal conversion against time or irradiation, a straight line will be obtained, and th at this slope will be proportional to the stationary hydrogen atom concentration. Hence by carrying out a run with only para:hydrogen and then with para-hydrogen and ethylene, the stationary concentration of atomic hydrogen can be evaluated as already described, and the ratio of the slope in presence of ethylene to the slope in absence of ethylene will give the ratio in which the stationary concentration of atomic hydrogen has been reduced. In figure 10 the result of such an experiment has been shown. I t is seen that in curve B, an inhibition period is present followed by a reduced rate of conversion. This is due to the very efficient removal of all hydrogen atoms by the ethylene, com pletely preventing the conversion of para-hydrogen. The reduced rate results from the reduction in the stationary concentration of hydrogen atoms due to reaction between the hydrogen atoms and the paraffin products.
The kinetics of the interaction of atomic hydrogen with olefines. I 461 2-00- As a m atter of interest, two runs were done with w-hexane and cycZohexane to determine whether or not the whole of the induction period could be attributed to the olefine. The data obtained are plotted in figure 11 . I t is seen that, qualitatively, w-hexane reduces the stationary concentration of atomic hydrogen more than cyclo hexane and hence reacts more readily with a hydrogen atom. From the data pre sented here, the collision efficiency of the interaction of hydrogen atom with these two hydrocarbons can be obtained.
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3i From the curves in figure 11 it is seen th a t the reduction in the stationary con centration of hydrogen atoms (and hence the life-time of the atom) in the case of cyclohexane is by a factor of 2*34. The lifetime of a hydrogen atom in 99 mm. hydrogen has been already calculated a t l*T3x 10-1sec., so th a t in presence of 10 mm. cycZohexane, this figure is reduced to M 3 x 10-1/2*34sec. = 4-85 x 10"2sec. 
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From the relationship
where A is the mean free path of a molecule 1 meeting another molecule 2, the mean free path for a hydrogen atom between collisions with cycZohexane molecules can be obtained. N2 is the number of molecules of type 2 present in 1 ml. of gas, eZx is the cross-section of a hydrogen atom and d2 is th a t of the hydrocarbon molecule.
For 10 mm. cycZohexane, N2 = 3'56-x 1017mol./ml., dx = 2*74 x 10-8 cm. (Bonhoeffer & H arteck 1933) , d2 = 7 x 10_8cm. by measurement of atomic models, From the above formula, A is computed to be 3*7 x 10-4 cm. The velocity of a hydrogen atom can be taken a t 2*4 x 105 cm./sec., therefore the number of collisions between a hydrogen atom and a cycZohexane molecule will be 2*4 x 105/3*7 x 10-4 = 6*5 x 108 collisions/sec.
The average lifetime of a hydrogen atom in this gas m ixture has been shown to be 4*85 x 10-2sec., therefore the number of collisions made between the average hydrogen atom and cycZohexane molecules before removal of the hydrogen atom by reaotion will be 6*5 x 108 x 4*85 x 10-2 collisions, i.e. 3*16 x 107 collisions. Hence the collision efficiency of the reaction is 1/3-16 x 107 = 3-16 x lO-8* In the same way, for normal hexane,'the lifetime of the hydrogen atom is reduced by a factor of 6-0. This gives a lifetime of 2-3 x 10~2sec. N2 = 4-1 x 107mol./ml., dx = 2-74 x 10_8cm., d2 -9 x 10-8cm. by measurement of atomic models.
A is computed to be 2-2 x 10_4cm., and hence the number of collisions between a hydrogen atom and a n-hexane molecule is 1-1 x 109 collisions/sec. The average number of collisions before removal will be 2-5 x 107 collisions. Hence the collision efficiency of the reaction is 4-0 x 10-8.
These two examples have been included in order to illustrate how the parahydrogen conversion technique can be applied to an investigation of reactions whose collision efficiencies are comparable with that of the reaction H + p -H 2 = w-H2 + H.
The fact th at the para conversion is entirely inhibited by small quantities of ethylene renders the method useless as a means of determining the collision efficiency of the reaction H + C2H4 = C2H 6.
A new competitive reaction had to be sought and the removal of hydrogen atoms on the white oxide of molybdenum or the yellow trioxide of tungsten was finally adopted. There were two points which had to be investigated with regard to the removal of hydrogen atoms on molybdenum oxide. I t was necessary to establish (i) th at in the reaction vessel every hydrogen atom produced was removed on the oxide; (ii) th at the hydrogen atom was removed on only one collision with the oxide surface.
The first point was decided by measuring the quantum input to the reaction vessel by means of the para conversion and comparing this value with that obtained by measuring the number of hydrogen atoms removed by the oxide.
The quantum input to the reaction vessel has been already obtained above. This vessel had, however, a thin layer of polymer on the glass due to continued use, and by comparing the rate of para-conversion before and after removal of this layer, the quantum input was found to be cut down by a factor of 3-65 by the polymer. This gave a quantum input to the clean vessel of 2-28 x 1016quanta-sec., therefore the rate of dissociation of molecular hydrogen was 2-28 x 1016mol./sec. This corresponds to a volume of gas of 0-051 ml. at N.T.p./min.
By following the rate of removal of hydrogen in the same reaction vessel which had for this part of the experiment a layer of molybdenum oxide on the bottom, the rate of removal was averaged to be about 0-47 mm./min. The volume of the reaction vessel and manometer system was 96-7 ml., and the volume of hydrogen removed under these conditions was 0-057 ml. at N.T.p./min. The agreement between these estimates is sufficient to show that removal is quantitative. The thickness of the reaction vessel was 20 mm.
The kinetics of the interaction of atomic hydrogen with olefines. I 463 I t had now to be shown th a t only one collision was necessary for removal of the hydrogen atom. The para-hydrogen technique was also used in this investigation. The same reaction vessel as th a t in the previous experiments was used, and the lower internal surface was coated with molybdenum oxide.
I f the assumption is made th a t every collision of a hydrogen atom with the removing layer is effective in removing the atom, the average path distance of the atom can be calculated, and hence the number of collisions of a hydrogen atom with para-hydrogen molecules can be obtained. By following the para conversion, the number of fruitful collisions can be obtained and the ratio of these two gives the collision efficiency of the reaction H + p -H 2 ==tt-H2 + H. This value of the collision efficiency can be compared with the values obtained by previous workers, and if the two estimates agree, then the assumption regarding the absolute efficiency of the addition of a hydrogen atom to* the molybdenum trioxide is justified.
I f there are N molecules in the reaction vessel and if the percentage of parahydrogen is J c, then there are N d/ 100 para-hyd irradiation, suppose the quantum input is Q t hen position and removal on the oxide will be Qt, where t is the time of irradiation and the n ett number of molecules left will be N Since in the decomposition, the ratio of the number of para-hydrogen molecules decomposed to the num ber of ortho-hydrogen molecules decomposed is in the percentage ratios of the individual components, then no change in the para percentage will occur as a result of the initial stage of dissociation.
If, in its path through the reaction vessel, each atom makes n fruitful collisions, then the total number of collisions will be 2 The formed will be 2n Q t , and since the exchange will proceed in the ratio of 1 molecule for every four complexes broken up, there will be (2 25)/100 parahydrogen molecules regenerated and since-in the formation of the complex 'H 3', (2nQtd1100) para-hydrogen molecules have been removed, the n e tt loss of parahydrogen molecules is 2nQt(d -25)/100.
The new percentage of para-hydrogen will then be
By measuring the quantum input to the reaction vessel by the method described above, the initial fraction of para-hydrogen and the fraction of para-hydrogen after a certain time of irradiation, the number n can be determined. The results of three runs of this type are shown in table 3. The quantum input to the reaction vessel was 2*92 x 1016 quanta/sec. The total number of collisions which each atom makes with hydrogen molecules is obtained as follows.
The diffusion coefficient for hydrogen atoms in hydrogen gas a t a hydrogen pres sure of 10 mm. is 80 cm.2/sec. Since x2 = 2 atom in time t, and in the reaction vessel, the thickness is 2*0 cm., then t = 0*025 sec. That is, the average lifetime of a hydrogen atom in the reaction vessel is 0*025 sec.
Since the velocity of a hydrogen atom is 2*4 x 106 cm./sec., its total path length will be, in 0*025sec., 6*0 x 103cm. The mean free path is given by the formula as already stated 1/A = 7TN% {dx\2 + da/2)2 {(M1 + MJjMtf = 1030.
That is, for the diffusion of hydrogen atoms through molecular hydrogen a t 10mm. pressure, A = 1/1030 cm. The number of collisions made by a hydrogen atom in its path through the reaction vessel will be given by dividing the total path distance by the mean free path, i.e. the number of collisions made by each hydrogen atom will be 6*0 x 1013 x 1030 = 6*18 x 106.
By dividing the number of effective collisions per atom by the total number of collisions per atom, the collision efficiency of the exchange reaction of a hydrogen atom with a molecule of hydrogen can be obtained. These results are also shown in table 3.
The values obtained by Geib & Harteck (1931) are around 4 x 10-7, which is in agreement with the estimates here.
Further confirmation of the absolute efficiency of the removal of hydrogen atoms on molybdenum oxide is provided by Johnson (1928) , who used molybdenum tri oxide to measure the angles of reflexion of beams of atomic hydrogen from crystals. The precision of measurement of the beam angle is entirely dependent on the sharp ness of the mark on the oxide plate. We have observed also the sharpness of the * shadow ' effect obtained by irradiating hydrogen in a limited region above a surface of molybdenum trioxide.
